In plants, the preprophase band (PPB) of microtubules marks the cortical site where the cross-wall will fuse with the parental wall during cytokinesis [1, 2] . This band disappears before metaphase, and it is not known how the division plane is ''memorized'' [3]. One idea is that the PPB leaves behind molecules involved in the maturation of the cell plate [4] . Here, we report on the proteomic isolation of a novel 187 kDa microtubuleassociated protein, AIR9, conserved in land plants and trypanosomatid parasites. AIR9 decorates cortical microtubules and the PPB but is downregulated during mitosis. AIR9 reappears at the former PPB site precisely when the cortex is contacted by the outwardly growing cytokinetic apparatus. AIR9 then moves inward on the new cross-wall and thus forms a torus. Truncation studies show that formation of the torus requires a repeated domain separate from AIR9's microtubule binding site. Cell plates induced to insert outside the predicted division site do not elicit an AIR9 torus, suggesting that AIR9 recognizes a component of the former PPB. Such misplaced walls remain immature, based on their prolonged staining for the cell-plate polymer callose. We propose that AIR9 may be part of the mechanism ensuring the maturation of those cell plates successfully contacting the ''programmed'' cortical division site.
Summary
In plants, the preprophase band (PPB) of microtubules marks the cortical site where the cross-wall will fuse with the parental wall during cytokinesis [1, 2] . This band disappears before metaphase, and it is not known how the division plane is ''memorized'' [3] . One idea is that the PPB leaves behind molecules involved in the maturation of the cell plate [4] . Here, we report on the proteomic isolation of a novel 187 kDa microtubuleassociated protein, AIR9, conserved in land plants and trypanosomatid parasites. AIR9 decorates cortical microtubules and the PPB but is downregulated during mitosis. AIR9 reappears at the former PPB site precisely when the cortex is contacted by the outwardly growing cytokinetic apparatus. AIR9 then moves inward on the new cross-wall and thus forms a torus. Truncation studies show that formation of the torus requires a repeated domain separate from AIR9's microtubule binding site. Cell plates induced to insert outside the predicted division site do not elicit an AIR9 torus, suggesting that AIR9 recognizes a component of the former PPB. Such misplaced walls remain immature, based on their prolonged staining for the cell-plate polymer callose. We propose that AIR9 may be part of the mechanism ensuring the maturation of those cell plates successfully contacting the ''programmed'' cortical division site.
Results and Discussion

AIR9 Is a Novel Microtubule-Associated Protein Conserved in Land Plants and Trypanosomatids
By using the method developed by Korolev et al. [5] for the proteomic isolation of plant microtubule-associated proteins (MAPs), we identified a large protein of unknown function encoded by At2g34680 ( Figures 1A and 1B) . A partial cDNA for this gene had already been identified in a screen for auxin-inducible genes and hence termed AIR9 (auxin-induced in root cultures) [6] . An insertional mutant (ungud9) for the AIR9 gene was detected in a screen for mutants with reduced male and female gametophytic transmission [7] but presented no pollen phenotype. In addition, insertions into the AIR9 gene result in embryo lethality (our unpublished data and [7] ), suggesting that AIR9 is an essential gene in Arabidopsis. We determined the full-length message transcribed by the w14 kb AIR9 gene. This enabled us to correct the AIR9 intron-exon predictions made by the Arabidopsis Genome Initiative (AGI). The revised AIR9 protein sequence is 1708 amino acids in length (186.8 kDa) and has a predicted pI of 5.93. A new Genbank entry describes the experimental AIR9 cDNA (DQ291137).
Sequence similarity analyses (with BLAST) [8] indicated that AIR9 is a single copy gene in Arabidopsis. Homologs of AIR9 were found in various higher and lower land plants. Protein sequences highly similar to plant AIR9 (E value R 5e-41) were identified in the genomes of the trypanosomatid parasites Leishmania major (Figure 1C ; see also Figure S1 in the Supplemental Data available online), Trypanosoma cruzi (UniProt:Q4E246), and Trypanosoma brucei (UniProt:Q380Y7) but could not be detected in genomes of animals or fungi.
Computational analyses indicated three prominent regions in the AIR9 protein ( Figure S1 ; see also Figure 3 ): a disordered, basic serine-rich region (amino acids 31-252), a domain composed of six leucine-rich repeats (LRR; amino acids 293-424) and a large C-terminal region containing eleven tandemly-repeated sequence blocks (that we term A9 domains; amino acids 489-1569). By using an iterative procedure (HMMer program with a cut-off of E = 0.05) [9] , we were able to detect additional proteins possessing A9 domains in the genomes of several prokaryotic organisms (e.g., UniProt Q3GZG5 from Nocardioides sp. JS614) and observed significant sequence similarity to proteins composed of immunoglobulin domains ( Figure 1C) . Indeed, fold-recognition analysis based on secondary-structure predictions indicated that the A9 domain belongs to the immunoglobulin superfamily (Supplemental Experimental Procedures). To highlight the degree of fold conservation, we generated a structural model of the third immunoglobulin-like domain of AIR9 ( Figure 1D ). Immunoglobulin-like domains are assumed to be involved in proteinprotein and protein-ligand interactions [10] .
AIR9 Recognizes the Cortical Division Site at
Preprophase and Again at Cell-Plate Insertion Analysis of AIR9 promoter::b-glucuronidase fusions and publicly available expression data indicated that the AIR9 gene is predominantly expressed in dividing cells as well as vascular tissues (data not shown). In order to analyze the protein's function throughout the division cycle, we generated tobacco BY-2 cell lines expressing the full-length (5.1 kb) AIR9 cDNA as a GFP fusion. GFP-AIR9 decorated microtubules of the cortical array of BY-2 cells (Figure 2A ). At the end of G2, GFP-AIR9 labeled the PPB ( Figure 2B ). In contrast to the crisp labeling of cortical microtubules, metaphase spindles were only weakly labeled and decoration of the kinetochore bundles was not well defined ( Figure 2C ). During cytokinesis, GFP-AIR9 relocated to the phragmoplast, but the growing cell plate was not labeled at the midline (Figure 2D ). Immediately upon contact of the phragmoplast with the cortex, GFP-AIR9 distinctly labeled the cortical division site where the PPB had been located prior to mitosis. In median confocal sections, this labeling of the site of cell-plate insertion first appeared as a dot (arrow in Figure 2E ). In this example of eccentric or ''polarized'' cytokinesis [11] , the cell-plate insertion site was labeled on one flank of the cell but not on the opposite flank where the phragmoplast had not yet made contact. By focusing on the sites of phragmoplast contact and disassembly, we could see that GFP-AIR9 became immediately directed to the site of cell-plate insertion (see section of cell surface in Figure 2F ) as confirmed by time-lapse analysis (Movie S1 and Figure S2 ). Shortly after cytokinesis, GFP-AIR9 marks a cortical ring outlining the new cross-wall ( Figures 2G and 2H ). Importantly, this was seen before reestablishment of the cortical microtubule array [12] ; at this stage, neither GFP-tubulin nor GFP-MBD (microtubule binding domain of MAP4) control lines showed cross-wall labeling ( Figures 2I and  2J ). Analysis of GFP-AIR9 movies showed that the initially cortical labeling immediately spread in a centripetal direction (that is, contrary to the centrifugal outgrowth of (B) Same loading as in (A) but analyzed on low percentage gels (5%). High-molecular-weight bands enriched in B, lane 2, were cut out and analyzed by MALDI. Peptide fingerprints revealed the bands to correspond with: one asterisk = MOR1; two asterisks = RNA-helicase (At5g61140), see [5] ; and one arrow = AIR9 (At2g34680). (C) Multiple sequence alignment of the repeated A9 domain. The sequences correspond to 11 domains in Arabidopsis AIR9 (At_AIR9), five in the Leishmania major AIR9 homolog (Lm_AIR9-like; UniProt:Q4Q4X1), and five in a bacterial sequence from Nocardiodes sp. JS614 (Nc_Q3GZG5). Coloring indicates amino acid conservation (BLOSUM62): cyan (>3), green (3-1.2), and magenta (1.2-0.4). Lanes below the alignment: secondary-structure prediction with PhD [21] for the A9-repeated domain with b-strands indicated by arrows (2D_PhD_Pred) and sequence (pdb1vca) and secondary X-Ray-determined structure (2D_1vca) of the second immunoglobulin domain of human VCAM-1 [22] . The green line marks a putative disulphide bridge for the A9 domains from Nocardiodes. Beta strands are labeled according to standard names in the immunoglobulin fold [10] . (D) Ribbon representation of a homology model of the third A9 domain of the Arabidopsis AIR9 protein with the structure of the second immunoglobulin domain of the human VCAM-1 protein [22] (see Supplemental Experimental Procedures). The C 0 strand (yellow) was the region modeled with the lowest reliability. The main hydrophobic core of the domain is formed around the aromatic residue Trp-726. The conserved Asp-752 is hydrogen-bonded to the backbone nitrogen of Thr-749, capping a small 3-10 helix [23] typically located in the E-F loop of immunoglobulin domains [24] . the phragmoplast itself) along the newly attached cell plate. The labeling observed on cross-walls was therefore in the form of an inward-moving torus (Movie S1; see also Figure 2G ) that eventually decorated the entire cross-wall. At this stage, we were unable to detect filaments underlying the cross-wall ( Figure 2K ). However, 5-10 min after cell-plate insertion, GFP-AIR9 began to label the reappearing cortical microtubules, converting the initially nonfibrous labeling on cross-walls to a filamentous form ( Figure 2L ). 
Microtubule Binding and Cross-Wall Targeting Are Conferred by Separate Regions of AIR9
The preceding observations indicated that AIR9 is capable of binding the newly inserted cell plate before it is recolonized by microtubules, raising the possibility that AIR9 possesses separate binding sites. We therefore tested truncation constructs for subcellular localization by transient expression in Arabidopsis suspension cells [13] . The microtubule binding site of AIR9 was found to lie within the N-terminal basic serine-rich region of the protein ( Figure 3A) . The smallest fragment capable of microtubule binding was D16 (amino acids 106-210). Only fragments that include this sequence localized to microtubules. We observed that the largest C-terminal fragment (D15), which was devoid of this microtubule binding sequence, was able to label cross-walls of Arabidopsis suspension cells ( Figure 3A ). This was in contrast both to GFP fusions with other parts of the truncated AIR9 protein (e.g., D10) and to a control fusion with an unrelated sequence (At5g67320), which only produced cytosolic fluorescence (data not shown).
To test whether AIR9 fragment D15 also labels the site of cell-plate insertion, we generated BY-2 lines and followed them through cytokinesis. As GFP-D15 cells completed division, a concentrated GFP signal became visible at the site of cell-plate insertion. The signal moved inward, labeled the new cross-wall ( Figures 3B  and 3C ), and remained into the succeeding interphase. However, BY-2 lines expressing GFP-D12 (the N-terminal region of AIR9 including the microtubule binding site) showed the converse pattern of labeling by decoration of cortical microtubules (inset) but not of the site of cell-plate insertion ( Figure 3D ). These results show that the AIR9 torus and microtubules are labeled by independent parts of the AIR9 protein, consistent with the fact that BY-2 cells are devoid of cortical microtubules at the stage the AIR9 torus is formed [12] .
The AIR9 Torus Forms at the Division Site Predicted by the PPB The preceding results suggested that the reappearance of the GFP-AIR9 signal at the former PPB site was linked to the arrival of the phragmoplast at the cell cortex. This raised the possibility that the AIR9 protein recognizes material that had been deposited at the former PPB site during preprophase. To test whether the former PPB zone is required to elicit the AIR9 torus or if the AIR9 torus can form anywhere at the cortex, we treated cells with the herbicide chlorpropham (CIPC); this splits the phragmoplast and creates several extra limbs that frequently insert at ectopic positions outside the PPB zone [14] . The time-lapse sequence in Figure 4A shows a PPB forming normally in 2 mM CIPC but being succeeded by an abnormally convoluted phragmoplast subdivided into several limbs. Importantly, only those of the phragmoplast's limbs that contacted the cortex at the former PPB site formed an AIR9 torus ( Figure 4A , see arrow and asterisk). Split phragmoplasts that contacted the cortex outside the PPB zone produced no increased fluorescent signal ( Figure 4A , arrowhead and Figure 4B ), suggesting that AIR9 might bind a component deposited by the former PPB. Because an AIR9 cortical signal was not visible throughout mitosis, it is possible that AIR9 recognizes the former PPB zone only at this specific stage of the cell cycle. This is suggested by analysis of naturally occurring double PPBs where, in addition to the strong AIR9 torus that forms upon insertion of the cell plate at the utilized PPB site, a faint AIR9 cortical signal becomes visible at the site of the nonutilized PPB ( Figure S3 ). This indicates that the end of cytokinesis signals the reactivation of the cortex.
How the PPB zone is memorized is not yet known. The existence of a cortical memory is, paradoxically, indicated by absence-that is, the exclusion of actin [15] and a plasma-membrane-associated kinesin [16] . Genes like TANGLED1 are involved in the spatial control of cytokinesis [17] , but, no positive protein marker of the predicted division site has been described to date.
The PPB Zone and Cross-Wall Maturation Apart from guiding the cell plate to the predicted cortical site, the PPB is reported to have the additional role of providing cross-wall maturation factors. Previous work has shown that the fluid and wrinkled cell plate fails to stiffen and flatten if induced by drug treatment or centrifugation to attach to the parental wall outside the PPB zone [4, 18, 19] . Proper physical maturation has been ascribed to the centripetal migration of ''maturation factors'' [3] from the former PPB zone, causing the removal of the nonrigid polymer callose (deposited during phragmoplast stage) and the conversion to a stiff celluloserich cell wall [2, 20] . Because the centripetal movement of the AIR9 torus was spatiotemporally coincident with the proposed maturation of the cross-wall, we asked whether cell plates inserting at ectopic sites without an AIR9 torus underwent regular maturation. Cell walls were therefore stained with aniline blue to detect callose and Calcofluor White to label cellulose. Immediately after cell-plate insertion, cross-walls in both control and CIPC-treated cells stained positively for cellulose, and no cross-walls were observed without cellulose ( Figures  4C-4E ). In controls, callose is removed from cross-walls in less than 4.5 hr; only 11.8% (n = 347) of cells showed a strong and continuous callose signal, consistent with that proportion of cells recently completing cytokinesis ( Figure 4F ). By contrast, callose could still be detected in the CIPC-induced ectopic cross-walls up to 24 hr after washing out the drug (Figures 4G and 4H) .
We conclude that AIR9 first marks the preprophase band by an association with microtubules that is downregulated during mitosis. The protein, via its nonmicrotubule-binding portion, then reassociates with the predicted cortical division site when it is (re)activated at the end of cytokinesis. AIR9 then moves inwards as a torus on the cross-wall and seems to be involved in the maturation of properly-inserted cross-walls.
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